The origin recognition complex (ORC) and the minichromosome maintenance (MCM) protein complex were initially discovered in yeast and shown to be essential for DNA replication. Homologues of ORC and MCM proteins exist in higher eukaryotes, including Xenopus. The Xenopus MCM proteins and the Xenopus homologues of Saccharomyces cerevisiae Orc1p and Orc2p (XOrc1 and XOrc2) have recently been shown to be essential for DNA replication. Here, we describe the different but interdependent functions of the ORC and MCM complexes in DNA replication in Xenopus egg extracts.
Background
The initiation of DNA replication in eukaryotic cells is under tight control which restricts origin firing and the resulting duplication of the genome to once per cell cycle. Our understanding of the mechanisms underlying this regulation has been advanced by studies employing powerful methods of yeast genetics combined with experiments using a eukaryotic cell-free replication system derived from Xenopus eggs [1] [2] .
Studies of the regulation of chromosomal DNA replication in Saccharomyces cerevisiae were greatly facilitated by the identification of autonomously replicating sequences (ARSs) which support extrachromosomal DNA replication of plasmids in yeast cells. ARSs were later shown to function as replication origins on these plasmids as well as in their normal chromosomal locations. All ARSs studied thus far appear to have a modular structure including the essential 11 base-pair (bp) domain A [3] [4] [5] . A search for factors binding to domain A resulted in the identification of a protein called the origin recognition complex (ORC), which contained six subunits, Orc1p-Orc6p [6] [7] [8] [9] [10] . Yeast strains carrying temperature-sensitive mutations in ORC2 or ORC5 had defects in DNA replication, an increased instability of ARS-containing plasmids and a decreased frequency of origin firing, thus making ORC a strong candidate for the eukaryotic initiator protein [7, [10] [11] [12] . Genetic analysis has shown that several of the ORC subunits interact with other proteins involved in the regulation of DNA replication, including Cdc6p, Cdc7p, Cdc14p, Cdc45p and several minichromosome maintenance (MCM) proteins [9, 12, 13] . In vivo genomic footprinting data suggest that ORC is bound to ARSs throughout the cell cycle in S. cerevisiae and that additional proteins bind to ORC, or next to ORC, in G1 phase, extending the footprint by an additional stretch of 50 bp [14, 15] . The period during which the pre-replicative footprint is present coincides with the replication-competence of chromatin. It is therefore possible that at least some of the interactions between ORC and other replication proteins may be restricted to only certain phases of the cell cycle and may confer replication-competence on the origins. This view has been strengthened by the demonstration that Cdc6p is necessary to establish and maintain the G1-specific footprint [16] ; the interaction between ORC and Cdc6p has been confirmed at the protein level [13] . Homologues of ORC subunits have now been identified in a range of eukaryotic species, including Schizosaccharomyces pombe, Kluyveromyces lactis, Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster, Mus musculus, Homo sapiens and Xenopus laevis [17] [18] [19] [20] [21] [22] [23] . In Drosophila and Xenopus, these proteins have been shown to co-fractionate as a complex similar to that observed in S. cerevisiae [20, 23] , and studies in Xenopus and S. pombe have implicated the respective ORC homologues in the control of DNA replication [18, 19, 22, 23] . It is therefore likely that the function of ORC in DNA replication might be conserved throughout eukaryotes.
An impaired ability of certain yeast mutants to retain extrachromosomal plasmids carrying ARSs also led to the identification of another group of polypeptides called MCM proteins [24, 25] . Apart from being essential for DNA replication, these proteins also show cell-cycle dependent changes in subcellular localization, being nuclear in G1 phase and cytoplasmic in G2 phase [26] . Therefore, the presence of yeast MCM proteins in the nucleus temporally coincides with the presence of the prereplicative footprint. As mentioned above, genetic analysis has shown that several members of the MCM familyincluding CDC46, CDC47 and CDC54 -interact with ORC subunits [9, 12] . As with the ORC subunits, homologues of MCM proteins have also been found throughout eukaryotes and have been shown to be involved in the regulation of DNA replication [27] .
Essential features of the cell-cycle regulation of DNA replication can be reconstituted in an in vitro system in Xenopus egg extracts. DNA templates added to the extract are assembled into functional nuclei which then undergo a single complete round of semiconservative DNA replication [28, 29] . Moreover, the extract is able to distinguish G1 from G2 nuclei; when intact, only G1 nuclei are able to replicate in the extract [30] . The block to re-replication can be circumvented by permeabilization of the nuclear envelope which leads to another single round of replication [31] . The Xenopus MCM protein complex (replication licensing factor-M, RLF-M) has recently been shown to be essential for DNA replication in cell extracts [32] [33] [34] [35] . It has been demonstrated that members of the Xenopus MCM family mark replication-competent chromatin: they are displaced from chromatin during replication, and the regeneration of replication competence following nuclear membrane permeabilization is associated with the rebinding of MCMs to chromatin [32] [33] [34] [35] . XOrc1 and XOrc2, Xenopus homologues of the two largest subunits of yeast ORC, have recently been cloned and shown to be essential for DNA replication in the egg extracts [22, 23] . In view of the data from S. cerevisiae linking MCM and ORC function to the initiation of DNA replication, and the evidence for a genetic interaction between the two complexes, we have followed the behaviour of Xenopus ORC and its effect on the function of the Xenopus MCM complex in egg extracts.
Results

Xenopus ORC and MCM complexes perform nonredundant functions in DNA replication
We have prepared affinity-purified polyclonal rabbit antibodies directed against XOrc1 and XOrc2. Each of the antibodies recognized a single band of the predicted molecular weight in western blots of Xenopus egg extracts (Fig.  1a) and whole cell lysates of XL177 cells (data not shown). In order to identify proteins that co-immunoprecipitated specifically with XOrc2, we compared the pattern of bands immunoprecipitated from mock-depleted egg extract (Fig.  1b, lane 2) and from egg extract that had been immunodepleted of XOrc2 before immunoprecipitation (Fig. 1b, lane  1) . At least five proteins, indicated with asterisks in Figure  1b , were specifically precipitated from the complete egg extract but not from the XOrc2-immunodepleted extract. The bands with an apparent molecular weight of 115 kDa and 63 kDa were identified by immunoblotting as XOrc1 and XOrc2, respectively (Fig. 1a) .
We next investigated the requirement for XOrc1 and XOrc2 in DNA replication in Xenopus egg extracts. Extracts were immunodepleted of ORC, using anti-XOrc1 or anti-XOrc2 antibodies, or depleted of the MCM complex, using either anti-XMcm3 or anti-XMcm7 antibodies. The completeness of immunodepletion was in each case assessed by immunoblotting (Fig. 2a) . Immunodepletions with anti-XOrc2 antibodies reproducibly removed both XOrc1 and XOrc2 polypeptides from the extracts. A small amount of XOrc2 was often left in the extract after anti-XOrc1 immunodepletion, even though XOrc1 itself was removed completely. Similarly, a faint band of XMcm7 was occasionally seen in anti-XMcm3-immunodepleted extracts. Although we cannot exclude the possibility that other individual MCM proteins and ORC subunits were left in the extract after immunodepletion, these would have to be present either in an uncomplexed form or in incomplete complexes. We will therefore refer to immunodepleted extracts as ORCdepleted and MCM-depleted extracts. Importantly, immunodepletion of ORC did not lead to a decrease in the abundance of MCMs in the extract; conversely, MCM immunodepletion did not cause a decrease in the level of ORC (Fig. 2a) . As expected from other studies [22, 23] , immunodepletion of either of the complexes, but not mock immunodepletion, almost completely abolished the ability of the extract to support replication of sperm chromatin (Fig. 2b) . The replication capacity of the immunodepleted extracts could be rescued by mixing ORC-depleted extract with MCM-depleted extract (Fig. 2b) , but not by mixing two different ORC-depleted extracts or two different MCM-depleted extracts (Fig. 2b) .
Xenopus ORC is a nuclear chromatin-bound protein throughout interphase Figure 3 shows the subcellular distribution of XOrc1 investigated by indirect immunofluorescence microscopy. In a randomly growing population of Xenopus XL177 cells, XOrc1 was predominantly nuclear in interphase cells, although a weak cytoplasmic staining was also visible (Fig.  3a-i) . In contrast, when cells entered mitosis, XOrc1 staining was lost from chromatin but, initially, remained predominantly nuclear (Fig. 3a-c) . As cells progressed from prophase ( Fig. 3a-c) to metaphase ( Fig. 3d-f ), nuclear staining was replaced by a strong cytoplasmic staining. The reappearance of XOrc1 immunofluorescence staining on chromatin was very rapid because condensed chromosomes in anaphase/telophase were positive for XOrc1 staining (Fig. 3g-i) . Identical behaviour was observed for XOrc2 (data not shown).
The pattern of XOrc1 staining in interphase nuclei is punctate (Fig. 3j) . Unlike Xenopus MCM staining, the XOrc1 pattern was resistant to detergent extraction in all interphase nuclei, although the intensity of immunofluorescence was lower than in unextracted nuclei. This suggests that some XOrc1 was also present in the soluble nucleosolic fraction and was lost upon detergent treatment (Fig. 3k) . Detergent-resistant XOrc1 staining was removed by DNAse I digestion, which suggests that XOrc1 binds to chromatin (Fig. 3l) . XMcm7 staining shows differential detergent extractability (Fig. 3m) , which is a characteristic feature of all higher eukaryotic MCM proteins studied thus far [34] [35] [36] [37] [38] . As ORC has been implicated in the initiation of DNA replication in yeast as well as higher eukaryotes [6, 7, 11, 12, 22, 23] , we asked whether the XOrc1 staining pattern co-localized with sites of ongoing DNA synthesis. In order to visualize the sites of ongoing DNA replication during S phase, sperm chromatin was pulsed briefly with biotinylated dUTP after initiation. The sites of DNA replication during elongation did not preferentially co-localize with XOrc1 ( Fig. 3n-p) or XOrc2 (data not shown). In a subsequent experiment, sperm nuclei were incubated in egg extract in the presence of biotin-16-dUTP. The incubation was stopped when the first sites of incorporation could be detected by immunofluorescence ('initiation spots'). Intriguingly, at that time-point, there was significantly more overlap between the ORC staining pattern and sites of DNA replication ( Fig. 3r-t) . Substantially overlapping staining patterns were observed for some nuclei at initiation but not at later time-points during S phase.
Cells that retain or lose MCM staining upon detergent extraction have been shown to be in either G1 or G2 phase of the cell cycle, respectively. XOrc1 staining was present in all detergent-extracted interphase nuclei ( Fig.  3k ), suggesting that it was not displaced from chromatin during replication. We addressed this issue in more detail by following the fate of chromatin-bound ORC and MCM proteins during in vitro replication in Xenopus egg extract (Fig. 4) . As shown in Figure 4a , both XMcm3 and XOrc1 bound to chromatin before replication started (10 minute time-points). The extract initiated replication at approximately 25 minutes and completed replication within 90 minutes from the start of the incubation, at which time XMcm3 was completely displaced from chromatin. However, a significant amount of XOrc1 remained chromatin-bound (Fig. 4a) . Immunoblotting of chromatinbound proteins isolated at different time-points provided independent confirmation of these changes ( Fig. 4b) . At 90 minutes, significant amounts of XOrc1 and XOrc2 were still chromatin-bound, although at apparently lower levels than before replication. In contrast, MCM proteins were completely displaced during replication, as demonstrated here for two family members, XMcm5 and XMcm7 (Fig. 4b ).
Xenopus ORC enables the MCM complex to bind to chromatin
When sperm chromatin was incubated in the extract, MCM and ORC proteins bind rapidly [22, 23, 32, 33, 36] . Moreover, the saturation of XOrc1 and XOrc2 binding, as assessed by immunoblotting, appears to precede that of MCM binding ( Fig. 4b ; [23] ). In view of the genetic evidence for the interaction between MCMs and ORC in yeast [9, 12] , we asked whether there merely appears to be a time difference in the kinetics of binding of the two protein complexes, or whether ORC binding to chromatin is necessary to allow MCMs to bind. The experiment addressing this question is summarized in Figure 5 . Sperm chromatin was incubated in mock-depleted (Fig. 5a ,b,g,h), ORC-depleted (Fig. 5c,d ,i,j) or MCM-depleted extract (Fig. 5e ,f,k,l) for 15 minutes. At this time-point, sperm nuclei incubated in mock-depleted extract were clearly positive for both XOrc2 and XMcm3 (Fig. 5b,h ). No chromatin-bound XOrc2 could be detected on sperm incubated in ORC-depleted extract ( Fig. 5d ) but XOrc2 was able to bind to chromatin in the absence of MCMs (Fig.  5f ). In contrast, XMcm3 was absent from chromatin incubated in either MCM-depleted extract or ORC-depleted extract (Fig. 5j,l) , even though the ORC-and mockdepleted extracts contained comparable amounts of soluble XMcm3 (Fig. 5m) .
The absence of XMcm3 from sperm chromatin incubated in ORC-depleted extracts was confirmed independently by immunoblotting chromatin-bound proteins (Fig. 5m) . This behaviour was not restricted to XMcm3 because another MCM protein, XMcm7, was also absent from chromatin incubated in ORC-depleted extracts (data not shown). Similar behaviour was observed when ORC was removed by means of either anti-XOrc1 or anti-XOrc2 antibodies. (Fig. 5m) . Therefore, the binding of MCM proteins to chromatin appears to require the presence of ORC. These results agree well with the observation that, although MCMs cannot bind to chromatin in XOrc1-depleted extracts, XOrc1 is capable of binding to chromatin in 6-dimethylaminopurine (DMAP)-treated extracts when MCMs are unable to bind [23] . Thus, the observed behaviour is not restricted to XOrc2. The requirement for ORC in the binding of MCMs to chromatin could be explained in two ways. First, ORC may bind to chromatin before MCMs. Alternatively, MCMs may only be able to bind to chromatin when complexed to ORC, but ORC can bind to chromatin independently of MCMs. In order to address this question directly, we performed chromatin-transfer experiments, which are summarized in Figure 6 . When Xenopus sperm were incubated in ORCdepleted extract, no binding of either XOrc2 or XMcm3 to chromatin could be detected (Fig. 6a) . However, following the transfer of chromatin to MCM-depleted extract, XOrc2, but not XMcm3, bound rapidly to the chromatin. When we reversed the direction of transfer, by transferring sperm chromatin incubated in MCM-depleted extract into ORCdepleted extract, both XOrc2 and XMcm3 bound efficiently (Fig. 6b) . Importantly, XOrc2 bound to chromatin in MCM-depleted extract before transfer. This indicates that MCMs are still capable of binding to chromatin after ORC has bound but the opposite sequence of binding events does not occur. Interestingly, the intensity of XOrc2 immunofluorescence staining was reproducibly weaker in the presence of chromatin-bound MCMs than in their absence (Fig. 6a,b) . Again, XOrc1 behaves in a similar fashion -MCMs bind rapidly when sperm nuclei preincubated in DMAP-treated extract are transferred to ORCdepleted extract [23] . Moreover, the sequential assembly of ORC and MCMs onto sperm chromatin results in fully replication-competent nuclei [23] .
HeLa G2-phase nuclei can replicate in ORC-depleted extract but not in MCM-depleted extract
Demembranated sperm chromatin contains no bound MCM or ORC proteins and fails to replicate in MCM-or ORC-depleted extracts (Fig. 2b) . We have investigated whether nuclei isolated from HeLa cells synchronized in G1 or G2 phase of the cell cycle could replicate in ORCdepleted extracts. As shown in Figure 7 , permeable HeLa G1 nuclei replicated in both MCM and ORC-depleted extracts. Permeable G2 nuclei failed to replicate in MCMdepleted extracts ( Fig. 7 ; [34, 36] ). This is consistent with the absence of MCM proteins following replication, as judged by immunofluorescence and immunoblotting ( Fig.  3 ; [33, [36] [37] [38] ). In contrast, the ORC-depleted extract was still able to support replication of permeable HeLa G2 nuclei. Thus, consistent with the immunofluorescence staining ( Fig. 3a-i) and immunoblotting ( Fig. 4b) experiments, post-replicative HeLa nuclei still contain functional ORC as they do not depend on the exogenous supply of ORC from the extract. extract. Thus, ORC and MCM complexes appear to perform different, non-redundant functions, both of which are essential for the initiation of DNA replication.
Behaviour of ORC during the cell cycle
During interphase, XOrc1 and XOrc2 are nuclear and chromatin-bound in a randomly growing population of XL177 cells. Both proteins appear to be absent from condensed mitotic chromosomes. Although it is theoretically possible that the absence of an ORC immunofluorescence signal on mitotic chromatin is due to ORC being obscured by mitotic structures or the condensed state of chromatin, we consider this unlikely for the following reasons. First, concomitant with the loss of chromatin staining, a strong signal appears in the cytoplasm (Fig. 3d-f) . Second, four independent polyclonal anti-XOrc1 and anti-XOrc2 antibodies give identical staining patterns. And third, ORC immunofluorescence staining reappears on chromatin at anaphase/telophase, before detectable chromatin decondensation. The time-course of ORC displacement and rebinding thus appears to be more compatible with the rise and fall of the mitotic cyclin-dependent kinase activity rather than changes in chromatin condensation, although the possibility remains that some ORC stays bound and masked. Comparison of the cell-cycle-dependent changes in the subcellular localization of ORC and MCMs [35, 37, 39] indicates that MCMs are displaced from chromatin during S phase but ORC remains bound in G2. These conclusions are reinforced by the finding that MCMs but not ORC proteins are displaced from sperm chromatin during DNA replication in egg extracts ( [22, 23, 32, 33, 36] and this study).
Several lines of evidence have implicated ORC in the initiation of DNA replication. The complex binds to origins of replication in S. cerevisiae [6, 14] , and yeast strains carrying Permeable HeLa G1-phase and G2-phase nuclei can replicate in ORC-depleted extract. HeLa permeable G1-or G2-phase nuclei were incubated in the extract in the presence of biotin-16-dUTP for 5 h. The reactions were fixed and stained for replication with fluorescein-conjugated streptavidin. DNA was counterstained with Hoechst 33258. The percentage of replicating nuclei is indicated. temperature-sensitive mutations in ORC subunits show a decreased frequency of origin firing [11, 12] . In addition, Xenopus ORC is not required for complementary DNA strand synthesis on single-stranded templates, pointing to the involvement of ORC in the initiation rather than elongation stage of DNA replication [22, 23] . This view is further corroborated by our immunofluorescence data showing that neither XOrc1 nor XOrc2 localized to the sites of ongoing DNA replication. Electron microscopic studies have suggested that DNA replication occurs within large particulate structures in the nucleus called replication factories [39] ; DNA is spooled out of the factories as it is replicated. Thus, the lack of co-localization may be a result of origins being spooled out of the replication factories and therefore not co-localizing with sites of ongoing DNA replication after initiation. However, at the time of initiation, there is significantly more overlap between the XOrc2 staining pattern and sites of DNA replication. These data, although not as clear as the colocalization of replication protein A with replication foci [40] , are consistent with the role of ORC in initiation but not elongation.
Mockdepleted
Sequential binding of ORC and MCM complexes to chromatin
When demembranated sperm chromatin is added to the egg extract, ORC and MCMs bind rapidly, and the binding of MCMs to chromatin depends on the presence of ORC, as demonstrated in this study and elsewhere [23] . Cell-cycle-dependent changes in the subcellular localization of MCMs and ORC are compatible with these observations: at no point in the cell cycle could we detect chromatin-bound MCMs in the absence of chromatinbound ORC. Moreover, chromatin-transfer experiments (Fig. 6 ) demonstrate that the binding of ORC and MCMs to chromatin can be separated into two steps -the binding of the ORC complex and the subsequent binding of MCMs in the presence of chromatin-bound ORC. These observations support the view that chromatinbound ORC may serve as a 'landing pad' for MCMs and possibly other proteins that participate in the assembly of replication-competent chromatin.
The dependence of MCM-chromatin binding on the presence of ORC raises the intriguing possibility that ORC and MCMs may interact. This is further supported by genetic analysis showing interactions between several ORC subunits and MCM proteins in S. cerevisiae [9, 12] . However, several pieces of circumstantial evidence argue against the presence of a stable soluble MCM-ORC complex in Xenopus egg extracts. First, Xenopus ORC and MCM complexes do not co-fractionate [23, 32] , and gel filtration of the crude egg extract separates the two complexes into partly overlapping peaks of 550 kDa and 670 kDa, respectively (data not shown). Second, the apparent molecular weights of the two complexes are also [32] , or a lack of appropriate post-translational modifications of either MCMs or ORC (or both) in the DMAP-treated extract. In addition, when intact G2-phase HeLa nuclei, which contain functional chromatin-bound ORC complexes, are incubated in the egg extract, MCMs can cross an intact nuclear envelope but remain nucleosolic [36] . This indicates that an additional factor(s), referred to as loading factor, is unable to cross the nuclear envelope and is necessary for MCMs to bind to chromatin. It follows that the loading factor is different from ORC, which is nuclear and chromatin-bound in G2 phase. Taken together, these data favour a sequential binding of ORC and MCM complexes to chromatin.
It is unclear whether MCMs make direct contacts with ORC upon their binding to chromatin or whether ORC serves as a landing pad for other proteins, which then allow MCMs to bind. Loading factor [36] , RFL-B [32] and higher eukaryotic homologues of S. cerevisiae Cdc6p are all excellent candidates for such a molecule. Indeed, it would be interesting to see whether all three represent the same molecular entity. Once MCMs become bound to chromatin, they may remain associated with ORC and other proteins bound to origins; alternatively, they may spread over the chromatin. If the first prediction is correct, ORC would be expected to co-localize with MCMs when chromatin-bound. Indeed, both protein complexes give similar immunofluorescence staining patterns -punctate and without preferential co-localization with the sites of DNA replication [35, 36] . Experiments are underway to address this question. In summary, our data are compatible with the possible existence of a chromatin-bound, rather than soluble, complex between MCM proteins and ORC.
Functional ORC in post-replicative nuclei
The presence of chromatin-bound XOrc1 and XOrc2 in all interphase cells (Fig. 3a-i) does not rule out the possibility that the complex is inactive or incomplete in postreplicative nuclei. However, the ability of permeable HeLa G2-phase nuclei to replicate in ORC-depleted extract argues that ORC bound to postreplicative chromatin is functional. When permeable HeLa G2 nuclei are incubated in egg extract, MCM proteins from the extract bind to G2-phase chromatin [36] . The binding of MCMs is necessary for replication as permeable G2 nuclei fail to replicate in MCM-depleted extract [34] [35] [36] .
The ability of MCMs to bind to G2 nuclei, which already contain chromatin-bound ORC, further reinforces the notion of sequential binding of ORC and MCMs to chromatin. The presence of chromatin-bound MCMs and ORC together in G1 phase, versus ORC alone in G2, parallels nicely with the presence of the pre-replicative footprint on yeast ARSs in G1, but not G2 phase, in S. cerevisiae cells [15] . It will be interesting to see whether, in addition to Cdc6p, MCMs are a component of the prereplicative footprint.
Conclusions
The results of this study demonstrate that Xenopus homologues of the two largest subunits of ORC, XOrc1 and XOrc2, are present in the egg extract in a multiprotein complex which is essential for DNA replication. Mixing ORC-depleted extracts with MCM-depleted extracts rescues the replication capacity. Thus, the two protein complexes perform essential and non-redundant functions in replication. XOrc1 and XOrc2 are nuclear, chromatinbound proteins in interphase XL177 cells and appear to be, at least partly, displaced from mitotic chromosomes. XOrc2 does not co-localize with sites of DNA replication during elongation but at initiation the two staining patterns show a considerable overlap. Both XOrc1 and XOrc2 remain bound to chromatin during DNA replication. HeLa G2-phase nuclei can replicate in ORC-depleted extract, consistent with the presence of intact ORC on post-replicative chromatin. The presence of ORC is required for the binding of MCMs to chromatin. Thus, the assembly of replication-competent chromatin appears to involve the sequential binding of ORC and MCM proteins to chromatin.
Materials and methods
Antibodies
Full-length XORC1 [23] was cloned as an NcoI-BamHI fragment into the pQE60 (Qiagen) vector by PCR using Pwo DNA Polymerase (Boehringer). The recombinant protein was expressed in E. coli, purified on Ni 2+ -NTA Agarose (Qiagen) and injected into rabbits. AntiXOrc2 antibodies were raised against baculovirally expressed protein following published protocols [22] . Full-length XOrc1 and XOrc2 proteins immobilized on SulfoLink Gel (Pierce) were used to affinity-purify antibodies. Antibodies directed against XMcm3, XMcm7 and human Mcm5 were purified as described [34, 35] .
Replication reactions
Xenopus egg extracts and demembranated sperm chromatin were prepared essentially as reported [28] . Synchronized populations of HeLa G1-and G2-phase cells were prepared as described [30] . Permeable HeLa nuclei were prepared as described except that HE buffer (50 mM Hepes-KOH (pH 7.4), 50 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, and 1 g ml -1 aprotinin, leupeptin and pepstatin) was used throughout the procedure. Replication reactions were performed exactly as described [35] . The amount of DNA synthesized was calculated as described in [28] . For extract mixing experiments, different immunodepleted extracts were mixed in 1:1 ratio followed by an immediate addition of sperm chromatin.
Immunoprecipitations and immunodepletions
All antibodies used for immunoprecipitations and immunodepletions were bound to protein A-Sepharose beads at 5 mg of antibody per ml packed beads. Rabbit anti-goat and rabbit anti-sheep antibodies (Sigma) were cross-linked to protein A-Sepharose at 5 mg antibody per ml packed beads and used for mock immunodepletions. For immunoprecipitations, Xenopus extracts were diluted five-fold in TBS buffer containing 0.005 % digitonin (Calbiochem) and pre-spun at 10 000 × g for 5 min. 250-500 l of diluted extracts were incubated with the appropriate antibody cross-linked to protein A-Sepharose beads (Pharmacia) for 1 h at 4°C. The beads were washed 7-10 times in TBS at 4°C over a period of 3 h. Bound protein material was eluted in 2 % SDS and 50 mM Tris (pH 6.8). For immunoblotting, protein was transferred from polyacrylamide gels onto nitrocellulose membranes (Schleicher & Schuell) by electroblotting. Antibody incubations and washes were carried out in TBS containing 1 % Tween and 10 % dried skimmed milk. Immunoreactive proteins were detected by ECL (Amersham). Immunodepletions were performed essentially as described [34] , except that anti-XOrc1 and anti-XOrc2 antibody beads were used at 50 % of the extract volume.
Immunofluorescence and immunoblotting chromatin-bound proteins
For immunofluorescence, sperm nuclei or HeLa G1-or G2-phase nuclei were incubated in Xenopus egg extract. The reactions were diluted in 500 l buffer A (60 mM KCl, 15 mM Tris (pH 7.4), 15 mM NaCl, 1 mM ␤-mercaptoethanol, 0.5 mM spermidine and 0.15 mM spermine). A further 500 l of freshly depolymerized 7 % formaldehyde was immediately added and samples were incubated for 10 min at room temperature. Nuclei were spun through 30 % sucrose in buffer A onto poly-L-lysine-coated coverslips. The coverslips were blocked for 1 h in PF buffer [35] containing 10 % donkey serum. XL177 cells were grown on coverslips at 23°C. Coverslips were rinsed briefly in 0.75× PBS and fixed in 3.5 % formaldehyde for 5 min at room temperature. Cells were permeabilized in PF buffer without BSA and then blocked for 1 h in PF buffer containing 10 % donkey serum. Detergent extractions and DNAse digestion were performed as described [35, 38] .
Slides were subsequently incubated in an appropriate dilution of the primary or secondary antibodies in PF buffer for 1 h at 37°C. All primary antibodies were used at 1:100-1:200 for XL177 cells and 1:500-1:1000 for sperm nuclei. Fluorescein-conjugated donkey antirabbit serum and Texas Red-streptavidin conjugate were used at 1:100. Hoechst 33258 was used at 1 g ml -1 and propidium iodide at 0.5 g ml -1 final concentration.
For immunoblotting chromatin-bound proteins, sperm chromatin was incubated in the extract. Reactions were stopped by 50-fold dilution in HE buffer containing 0.1 % Triton and spinning through a 30 % sucrose/HE cushion. Samples were dissolved in SDS sample buffer, separated on a denaturing polyacrylamide gel and transferred to a nitrocellulose membrane. All antibody incubations and washes were carried out in TBS, 10 % milk and 1 % Tween.
